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Abstract 
Integration of distributed generation (DG) in a distribution network may introduce adverse effects including control 
interaction, oscillatory transients and operational conflicts. This paper investigates the operation of multiple voltage 
regulators such as on-load tap changer (OLTC) and step voltage regulator (SVR), and DG in a medium voltage 
distribution feeder. Investigations have been carried out using time domain simulation studies conducted using 
MATLAB-SimPowerSystems. The results are reported for a case study involving radial distribution feeder, derived 
from New South Wales (NSW) electricity distribution network in Australia.  
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1. Introduction 
Distribution utilities typically use substation on-load tap changer (OLTC) and step voltage regulator 
(SVR) for feeder level voltage regulation, in addition to shunt capacitor banks included in the substation 
and/or in the feeder. Such equipment are tuned and operated based on an assumption that the power flows 
in one direction only and the voltage decreases along the feeder, from the substation to the remote end. 
However, this assumption is no longer valid in presence of distributed generation (DG). 
The distributed energy resources are being rapidly emerged in distribution networks due to de-
regulation in electric power generation industry, exhaustion of fossil fuels and global warming. DG can be 
connected to the grid directly using synchronous or induction generators or via a power electronic 
 
* Corresponding author. Tel.: +61-2-42392397; fax: +61-2-42213236. 
E-mail address: dssrr987@uowmail.edu.au. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing committee 
of 2nd International Conference on Advances in Energy Engineering (ICAEE). Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1946  Dothinka Ranamuka et al.\ / Energy Procedia 14 (2012) 1945 – 19502 Dothinka Ranamuka / Energy Procedia 00 (2011) 000–000 
interface. Synchronous generator based DG is typically utilised internal combustion engines, gas turbines 
and combined cycle gas turbines, solar thermal, biomass and geothermal. Synchronous machine based DG 
can be operated at unity power factor mode, power factor control mode and voltage control mode. 
However, they are commonly operated at unity power factor or close to unity power factor as indicated in 
ANSI/IEEE-1547: Standard for Interconnecting Distributed Resources with Electric Power Systems. 
Active and/or reactive power injections of synchronous type DG may complicate the operation of 
conventional voltage regulating devices, causing additional tap operations and resultant system voltage 
fluctuations. Additional tap operations can lead to higher degree of wear and tear in tap mechanisms. 
Both time domain simulations and steady state power flow simulations can be used for investigating 
the operation of voltage regulators and DG in a distribution feeder. Time domain simulations require 
detailed models of the distribution network including distributed generators. Also, steady state power flow 
simulations require sufficiently detailed models of the distributed generator real and reactive output 
behavior, system loads and the voltage regulating devices. One of the main advantages of using time 
domain simulations is the possibility of observing the dynamics in real-time. 
Majority of detailed investigations on steady-state voltage were carried out using power flow 
simulations. Authors of [1], [2] have investigated voltage and reactive power control in a distribution 
system at the presence of DG. However, the respective test systems contain only substation OLTC, 
capacitor banks and DG. In [3], interactions between DG and SVR have been investigated using time 
domain simulations. Also, interactions among SVR and capacitor have been demonstrated using time 
domain simulations in [4]. However, the test distribution feeders used in those studies are quite simplistic. 
In [5], an interesting case study was carried out using time domain simulations on a realistic distribution 
feeder model at the presence of substation OLTC and distributed generator. Detailed time domain 
simulations on voltage control have been carried out on a realistic distribution network model with 
substation OLTC and multiple distributed generators in [6].  
However, in case of medium voltage long distribution feeders with DG, the operation of multiple 
voltage regulators and DG has not been explicitly addressed in the existing literature. Such long 
distribution feeders can be frequently seen in Australia designed for rural electrification, which are 
normally lightly loaded. The voltage drop is high due to long length of the feeders. Multiple SVRs are 
used for feeder voltage regulation in addition to the substation OLTC. Feeder capacitors are also used for 
voltage support locally if required [7]. Distributed generators are normally connected at the end or close to 
the end of these feeders if ancillary power supply is required. Majority of such distributed generators are 
dispatchable. In this paper, such a long radial distribution feeder is used for the investigations.  
2. Modelling of Distribution Feeder with Voltage Regulators and DG  
A distribution network model has been developed in this paper that includes substation OLTC, medium 
voltage distribution feeder and loads, SVRs, and a diesel generator comprising diesel engine, governor, 
salient pole synchronous generator and associated controls. Salient pole synchronous machine model with 
standard sixth-order state-space dynamic representation is used to model the synchronous generator. The 
generator control scheme and models of diesel engine and its governor system are developed based on [8], 
[9].   
Since constant impedance loads are common in distribution feeders, loads are modelled using constant 
impedance characteristics [10]. This could represent the worst case scenario as power consumption of 
constant impedance loads varies with the square of voltage. The distribution network is assumed to be 
operated as a balance three phase system. The type-B SVRs are used and operated in forward mode only 
[7]. Taps are modelled and incorporated in the primary winding of transformers. OLTC is modelled with 
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21 taps and SVR with 32 taps. Time delays are modelled with constant time variant characteristics, and 
tap operations are modelled for non sequential operation to observe worst case scenarios [11]. 
The effect of reverse power flow, introduced by DG, on feeder voltage profile can be analysed using 
impedance matrix of the distribution feeder [12]. Equation (1) shows the relationship between changes in 
nodal voltages with respect to the corresponding changes in current injection. If the voltage at kth node is 
Vk and the current injection by DG is Ij, the voltage change Vk/DG can be estimated using (2). It is assumed 
that the distribution feeder has total n nodes and DG is connected at jth node.                                      
 
[ΔV]n×1 = [Z]n×n×[ΔI]n×n   (1) 
Vk/DG = Zk,,j×Ij   (2) 
It is noted that the impact of voltage change by DG can be significant if the DG is connected at the end 
of a lightly loaded distribution feeder. 
3. Test Network 
The test feeder is 37.4km long and has 94 nodes. A synchronous machine based diesel generator of 
750kVA capacity has been connected at node 87. It is operated at unity power factor mode. This feeder is 
fed by a 132/11kV, 30MVA transformer equipped with an OLTC. The total connected load of the test 
distribution feeder is 1.2 MVA. Also, two SVRs i.e. SVR1 and SVR2 are installed at 16th node and 48th 
node, respectively. The feeder length between OLTC and SVR1 is 10.6 km, and between SVR1 and 
SVR2 is 11.4 km. The feeder length between SVR2 and diesel generator is 10.8 km. The voltage level of 
the test system is regulated between +10% and -6%. The line impedance is (0.802+j0.365) Ω/km. 
Topology of the test distribution is shown in Fig. 1. 
 
Fig. 1. Distribution system test feeder 
4. Simulation and Results 
The time domain simulation studies have been carried out using MATLAB-SimPowerSystems for a 
test system with and without DG. An irregular load pattern depicting random variation of the daily load 
profile is considered. Representative load variations are modelled imitating daily load pattern of the test 
feeder. For the simulation studies, it is assumed that the voltage regulating devices are at off nominal 
(zero) tap position and operated without line drop compensation schemes. The simulated control 
parameters and time delays of voltage regulating devices are shown in Table 1. The voltage regulators are 
tuned by setting up the associated control parameters and time delays without DG. Voltage glitches, 
resulted from solving the first order transfer functions in the phasor simulations, can be observed in the 
simulated voltage profiles especially when tap positions of the voltage regulating devices are changed. 
This abrupt change in voltage magnitude can be ignored in the simulation studies.  
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Table 1. Simulated data of OLTC and step voltage regulators 
Voltage Regulator Voltage Set Value (pu) Dead Band (%) Time Delay (s) 
On-Load Tap Changer 1.02 + 1.5 3 
Step Voltage Regulator 1 1.00 + 1.0 5 
Step Voltage Regulator 2 1.00 + 1.0 7 
 
Firstly, the simulation studies are conducted in order to examine the voltage magnitude at remote end 
of the feeder (node 94) with OLTC operation and without any other voltage regulating devices such as 
SVRs and DG. The total simulation time is assumed to be 245 sec. The tap operations of voltage 
regulating devices have been observed until they completed the operations for simulated load profile. A 
typical load profile of the feeder is shown in Fig. 2 (a). The voltage magnitude at the node 94 is shown in 
Fig. 2 (b). It is observed that the OLTC operates one tap downwards, to maintain the secondary voltage, 
in accordance with the control settings. The lowest voltage magnitude at the remote end of the feeder is 
around 0.85 pu, which is below the standard voltage limit of the feeder. 
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Fig. 2. (a) Simulated load profile; (b) Voltage magnitude at remote end 
Secondly, the tap operations and remote end voltage profile after enabling SVR1 are shown in Fig. 3. 
(a) and (b) respectively. The initial tap position of SVR1 (seven taps downwards) is derived by simulating 
the flat load profile at 0 < t < 50s and considering OLTC operation at one tap downwards. Still, the 
voltage magnitude at the remote end is below the standard voltage limit of the feeder. 
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Fig. 3. (a) Tap operations of OLTC and SVR1 without SVR2 and DG; (b) Voltage magnitude at remote end 
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Thirdly, the tap operations and remote end voltage profile after enabling both SVR1 and SVR2 are 
shown in Fig. 4. (a) and (b) respectively. It is observed that the remote end voltage is regulated within the 
standard limits of the feeder voltage. The initial tap position of SVR1 and SVR2 are derived by 
simulating the flat load profile at 0 < t < 50s and considering OLTC operation at one tap downwards. It is 
noted that the total numbers of tap operations for SVR1 and SVR2 are 18. 
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Fig. 4. (a) Tap operations of OLTC, SVR1 and VSR2 without DG; (b) Voltage magnitude at remote end 
Finally, DG with the rated capacity of 750 kVA is included at node number 87 and simulation studies 
are conducted to investigate the effect of DG on remote end voltage. The tap operations and remote end 
voltage profile after enabling both SVR1 and SVR2 with DG are shown in Fig. 5. (a) and (b) respectively. 
The initial tap position of SVR1 and SVR2 are derived in the same manner as discussed earlier. The total 
numbers of tap operations in this case are 28. It is realised that the inclusion of DG at t=0 sec leads to 
sudden increase in the magnitude of feeder voltage resulting into upward movement of taps for SVR 1 
and SVR 2 for 0 < t <50. Also, the voltage at remote end is further improved.  
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Fig. 5. (a) Tap operations of OLTC, SVR1 and SVR2 with DG started at t = 0 sec; (b) Voltage magnitude at remote end 
5. Conclusions 
This paper has investigated the operation of a medium voltage distribution feeder with multiple voltage 
regulators and DG. The time domain simulation studies have been carried out considering daily load 
profile of the feeder with and without inclusion of DG closer to the remote end of the feeder. It is noted 
that the load variations cause voltage to change leading to subsequent operation of step voltage regulators. 
The sole operation of SVR1 does not regulate the voltage at remote end of the feeder within the standard 
1950  Dothinka Ranamuka et al.\ / Energy Procedia 14 (2012) 1945 – 19506 Dothinka Ranamuka / Energy Procedia 00 (2011) 000–000 
acceptable limits. However, simultaneous operation of SVR1 and SVR2 regulate the voltage at remote 
end within the acceptable limits. It is observed that the inclusion of DG further improvises the average 
remote end voltage. Also, the simulation results show that the total numbers of SVR tap operations are 
significantly increased in the presence of DG. It is mainly due to the reverse power flow by DG at certain 
system conditions over the simulation period. The substation OLTC enables only one tap operation 
throughout the simulation for all the scenarios with and without DG, which is indicative of the fact that 
SVR and DG operation does not significantly alter the OLTC tap operation under the simulated test 
conditions. 
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